Brassica juncea is mostly used for oil production which implies selection of genotypes with low glucosinolates level and high oil content. In contrast, condiment production needs varieties with high level in some glucosinolates including sinigrin. The genetic variability was studied mostly by molecular tools. The objectives were almost the decrease of glucosinolates level in order to use the oilcake for animal feed. The aim of this work is to study the genetic variability for different glucosinolates and their relationships with agronomical traits within a large collection of Brassica juncea genotypes for condiment uses. A collection of 190 genotypes from different origins was studied in Dijon (France). Oil content and total glucosinolates, and sinigrin and gluconapin levels were measured. Flowering and maturation durations, seed yield, and yield components were also measured. Large variability was observed between genotypes for the measured traits within the studied collection. Total glucosinolates varied twofold between extreme genotypes. Values of sinigrin content varied from 0 to more than 134 mol⋅g −1 . Correlations between glucosinolates traits and both phenological and agronomical characters are presented and discussed for their potential for industrial condiment uses.
Introduction
Several studies have demonstrated the influence of nutritional factors on the risk of developing cancer. Diet composition is one of the numerous factors that can act to increase cancer prevention. It acts both as a risk factor (food consumed in excess promotes the development of cancer) and protection (nutrients or foods known for their protective effect against cancers). A number of studies support that Brassicaceae species present chemoprevention against cancer forms in humans due to the high levels of glucosinolates [1] [2] [3] [4] . The hydrolysis of glucosinolate generates volatile compounds such as isothiocyanates, epithionitriles, and nitriles. These molecules are produced when myrosinase (thioglucosidase) cleaves the thioglycoside linkage of glucosinolates. At neutral pH, the hydrolysis of glucosinolates results in production of isothiocyanates and nitriles, whereas epithionitriles are formed in the presence of ferrous ions and epithiospecifier proteins [5, 6] . Recent studies have reported that other proteins (including PEN2, family 1 glycosyl hydrolase) may catalyze the hydrolysis of glucosinolates [7] [8] [9] .
Cruciferous plants are edible as vegetables or as oil. Brown mustard (Brassica juncea L. Czern.) is one of the three oilseed Brassica species. As it is the case in India and China, the brown mustard is used for oil production which involved breeding varieties with low glucosinolates and low erucic acid levels in grains [10] . No information is available concerning the study of glucosinolate content for industrial condiment production. Indeed, in Burgundy (east of France), mustard is used for the production of the condiment "Moutarde de Dijon. " In this case, some glucosinolates including gluconapin (GNA, 3-butenyl Gls) must be present at a low level, but conversely high sinigrin (SIN, 2-propenyl Gls) content is required for its hot taste. Following seeds crush in the presence of water, sinigrin undergoes hydrolysis by a myrosinase release allyl isothiocyanate, which is a volatile compound responsible for the flavour of the mustard condiment. Studies of glucosinolate content have concerned rapeseed (by lowering it), broccoli, rocket and Diplotaxis green parts (for cancer prevention and nutritional values), brown mustard for allelopathic activities, and green manure [11] [12] [13] .
Breeders need large variability to initiate selection programs. Therefore, study of genetic diversity of glucosinolates in large brown mustard collection would help breeders in genitors screening in order to achieve high sinigrin level improvement. However, the majority of works done were performed to decrease glucosinolates [14] [15] [16] and erucic acid or to raise seed oil content [17, 18] . Other studies used molecular markers to structure genetic diversity [16, 17] . Nevertheless, these reports did not help breeders in genotypes choice in order to perform crosses to manage the glucosinolates level in seed. The few studies which focussed on glucosinolates evaluation were done on few genotypes or performed on green tissues or both [11] [12] [13] . However, breeders need to know the genetic diversity of glucosinolates for screening genitors.
Therefore, this study aims to evaluate variability of glucosinolates in seeds within a large collection of genotypes for use in mustard condiment and to investigate relationships between them and agronomical traits. 
Materials and Methods

Plant Material and Crop
Weather Conditions.
Rainfall, temperature, and evapotranspiration were obtained from meteorological station localised on the INRA experimental field at Dijon. Cumulative rainfalls during the cropping season (March to August) were more than four times lower than mean value of rainfall recorded in the last twenty years for this region (Table 1) . However, the precipitations were unequally distributed. Indeed, nearly 72% of the rainfalls occur during the last three months of the growing cycle. This increase of precipitations was accompanied with an increase of temperatures which in turn raises the evaporative demand at the end of the plant cycle.
Traits Measurements.
In order to determine flowering and mutation durations, dates of beginning and end of flowering as well as maturation were noted. The dates of beginning (DBF) and end (DEF) of flowering were noted when 10% and 90% of plants in each plot flowered. The date of maturation (DM) was noted when seeds reached a humidity of 9%. The durations of flowering and maturation were calculated as flowering duration (FD) = DEF − DBF, seed filling duration (SFD) = DM − DEF.
(
At the end of flowering, plant height (in cm) was measured and the number of plants by row and the number of siliques by row were counted. At maturity, the number of pods by plant was determined. The plants were harvested by plot and seeds weighed to determine seed yield by plot. Seed yield by plant (SY/P) was then calculated by dividing by the number of plants by plot. Thousand seeds' weight (TSW) was also determined by weighing three samples of thousand seeds for each genotype in each plot.
Sinigrin (SIN), gluconapin (GNA), and total glucosinolates (GSL) contents in the seed were directly determined by HPLC (ISO 9167-1 method) on samples of 50 g seeds. Content of glucosinolates was expressed in mol/g of seed.
Statistical Analyses.
All data were subjected to analysis of variance using GLM procedure of SAS. Association between measured traits was examined using the CORR procedure of SAS.
Results
The analysis of variance showed large genotypic variability for the measured traits ( Table 2 ). The mean value of total glucosinolates within the studied collection was more than 103 mol⋅g −1 . The difference between extreme genotypes for this trait was twofold (Figure 1 ). The most important component of these glucosinolates was SIN which varied from 0 to 134.2 mol⋅g −1 . The gluconapin level presented a less large range of variation than for SIN (Figure 1) . The mean value of SIN was nearly three times higher than that of GNA. Oil content increased by more than 16% between extreme genotypes. Three groups of genotypes can be distinguished. The first one is composed of 58 genotypes containing low SIN (less than 30% of total GLS) and high GNA. One hundred twenty four genotypes composed the second group and are characterized by high level of SIN. Eight other genotypes constitute a third group with an intermediate level of SIN ranged from 35 to 65% of total GLS. Large genotypic differences were also observed for the flowering duration (FD) and the seed filling duration (SFD) within the collection (Table 2 ). Twelve days' difference for FD was observed between extreme genotypes. These differences were more marked for SFD since some genotypes took nearly Journal of Chemistry twice the time for seed filling compared to others. The same trend was reported for plant height (Table 2) where the tallest genotypes were twice as high as the shortest ones. The most marked differences were noticed for TSW: number of seeds per pod and SY/P for which contrasting genotypes differed by nearly 450%, 500%, and 600%, respectively, between extreme accessions. Correlation analysis showed that both total glucosinolates and GNA were positively related to both SFD and TSW (Table 3) . Moreover GNA is correlated positively to SY/P and negatively to plant height and SIN. This latter trait is associated negatively with TSW, SY/P, and SFD and positively with plant height. A positive correlation was observed between SY/P and TSW ( = 0.37 * * * ).
Discussion
Large genotypic variability was observed within the studied collection for all measured traits. The observed values for total glucosinolates were similar to those observed by Lionneton et al. [21] within a mapping doubled haploid population. The concentration range of glucosinolates observed in our study was largely higher than those reported in other studies for glucosinolate content in mustard seeds [22] [23] [24] [25] . However, most of those studies focused on varieties devoted to oil and meal production and thus with low glucosinolate contents [14, 15, 17, 18] . Detailed analysis of these glucosinolates showed large genotypic differences for both sinigrin and gluconapin levels in our collection. As previously reported SIN was consistently dominant over GNA [10, 19, 20] .
The relationships observed between SFD and total glucosinolates, GNA, and SIN mirrored the fact that genotypes which have longer seed filling duration are richer in glucosinolates, and in GNA and are poorer in SIN. In the same way, heavy seeds seem poorer in SIN according to the negative correlation observed between TSW and SIN. This suggests that SIN accumulation in the seeds could occur in the early phase of maturation and then stop whatever the seed growth and the duration of seed filling are as proposed by biosynthesis pathway of both glucosinolates (Figure 2) . Conversely GNA could accumulate in a later phase of seed growth taking profit from the long maturation. Moreover, for genotypes richest in GNA, SIN serves as precursor for GNA synthesis (Figure 2 ). This balance could explain the absence of a significant relationship between total glucosinolate and SIN content. On the other hand, tall plants are richer in SIN and poorer in GNA. These interesting correlations were not approached in other works and the biological explanations of these correlations need further investigations. However, we can assume that the association between plant height and seed SIN resulted from the positive relationship between vegetative biomass (not measured here) and plant height noticed in other studies [24, 25] . Previous reports showed that seed SIN is positively related to green tissue SIN level [19, 20, [23] [24] [25] [26] suggesting that a part of seed sinigrin was provided by translocation from green tissues. This is confirmed by the detailed study of Zukalová et al. [20] , showing that, during growth, SIN decreases in the vegetative parts of the plant while it increases in the generative ones. According to these authors, this result proves unambiguously that pod SIN is transported into seeds. One can then assume that transport of SIN from the green parts to the pods and then to the seeds can continue as long as these organs are alive and progressively stop when they senesce. SIN accumulation would then decrease when the leaves turn yellow and stop when they fall. Conversely, GNA would continue to accumulate, after leaf fall, by using a different process [18] .
Broad genotypic differences were also observed for agronomical traits. Similar values were reported in Chinese and Indian brown mustard collections [14] . These authors also showed that TSW is the most important yield component. Our study also pointed out the role of TSW since the correlation with yield is significantly positive. Other works have reported similar associations between yield and yield components [10, 24, 25] .
Conclusion
Our results provide evidence for large genotypic variability within the studied brown mustard collection mostly for glucosinolates and sinigrin levels in seeds. These results are of interest for industrial uses. Indeed, breeders need to combine agronomic and nutritional traits in the same genotypes. Some intriguing correlations between different glucosinolates and agronomic traits need to be more thoroughly investigated. Moreover, relationships between glucosinolates profiles in seed and different green organs would help to increase our knowledge and would help our understanding of the biological relationships between these traits. Moreover, industrial production requires seeds with high sinigrin content (80-100 mol⋅g −1 ) and high seed yield. This objective could be easily achieved by combining both traits in new selected genotypes. Some studied genotypes showed high levels of glucosinolates and SIN and could be used for mustard condiment or for experiments or to be introduced in breeding programs for improvement of glucosinolates level in general and SIN content in particular.
Conflict of Interests
The author declares that there is no conflict of interests regarding the publication of this paper.
